Aging is often associated with elevated levels of low grade inflammation supposed to drive age-associated diseases. Here, we conducted a cross-sectional study on 58 healthy volunteers, aged from 19 to 81, to investigate the relationship between age and the expression of three inflammasome component genes (Nlrp3, Asc, Casp1), the up-stream transcription factor NFkB, and the pro-inflammatory cytokine Il-1β in leukocytes. We also assessed C-reactive protein (CRP) and IL-1β in plasma, as additional inflammatory markers. We did not find any support to the hypothesis that inflammasone activation increases with age. Expression of Asc, Casp1, NFkB, and Il-1β did not vary with age, body mass index (BMI), and CRP levels. In addition, expression did not differ between males and females or between smokers and non-smokers. A notable exception was the expression of Nlrp3 which varied non-linearly with age. Specifically, Nlrp3 expression strongly declined during aging, in subjects who were between 50 and 81 years old. CRP was higher in women and increased as a function of age-corrected BMI, while only four subjects showed detectable amount of IL-1β in plasma. Further work on larger cohorts with a longitudinal monitoring should be conducted to corroborate the finding that healthy aging is associated with a decrease in inflammasome activation.
Introduction
Many age-associated diseases have an inflammatory origin and aging goes often in parallel with an elevated level of low grade inflammation (1, 2) . This phenomenon called "inflammaging" (3, 4) is often characterized by the upregulation of inflammatory markers, such as interleukin-6 (IL-6), TNF-α, or C-reactive protein (5) . At the same time, dysregulation of the immune system in the elderly involves the impairment to mount effective innate and adaptive immune responses (6, 7) , with the consequence of age-associated increase in susceptibility to infectious diseases and failure of vaccine protection.
Low-grade inflammation in the elderly is thought to arise from the activation of pattern recognition receptors by endogenous ligands produced during cellular damage (8) . These damage-associated molecular patterns (DAMPs) , that include extracellular ATP, uric acid, or cholesterol crystals, accumulate during the aging process, and contribute to the persistent activation of the inflammatory response.
The inflammasome is an important component of innate immunity that regulates the production of two major pro-inflammatory cytokines IL1-β and IL-18 (9) . The inflammasome is a multiprotein complex that is activated by DAMPs in a two-step process: NFkBdependent activation of NLRP3, and DAMPs and PAMPs (pathogen-associated molecular patterns) induction of inflammasome assembly (NLRP3, ASC, and Caspase-1). Upon assembly of the inflammasome, active Caspase-1 stimulates the cleavage of bioactive pro-inflammatory IL-1β and IL-18 (9) .
Although many of the endogenous signals that trigger inflammasome assembly are known to accumulate with age, evidence in support to the idea that inflammasome activation increases with age is still limited. In a recent study, Wu et al. (10) investigated the association between age and gene expression of inflammasome components in a cohort of vascular patients. They reported positive correlations between age and Nlrp3, Aim2, Asc, Casp1, Casp5, and Il-1β expression. However, this study involved subjects that were affected by advanced atherosclerosis or other vascular diseases and the question of the age-dependent gene expression of inflammasome components in healthy subjects remains open. In animal models, ablation of Nlrp3 gene improved health span, protecting mice from age-associated inflammation and the associated pathologies (11) .
Here, we conducted a cross-sectional study on 58 healthy volunteers, 19-81 years old, to investigate the association between age and gene expression of three inflammasome components (Nlrp3, Asc, and Casp1), the upstream transcription factor NFkB, and the pro-inflammatory cytokine Il-1β. In line with previous reports, we predicted that gene expression of inflammasome components should increase with age.
Materials and Methods
The study was performed from January 2014 to June 2016 and complies with French legislation (L. n° 2004-800, art. L.1221-4, L. 1221-8, and L. 1221-8-1). Since the study was not interventional, anonymous, and only involved adults (all older than 18), no advice from a local committee was required. Fifty-eight individuals were enrolled; they signed an informed consent letter with their willingness to participate to the study, they filled an anonymous form on their age, weight, height, past and current diseases and treatments, smoking habits. Their peri-abdominal circumference was measured. For each participant, 10 mL of peripheral venous blood were collected in two hemolysis tubes, one with heparin for CRP assessment, and one with EDTA for IL-1β assessment and gene expression.
C-reactive protein in plasma was quantified by a certified biomedical analysis laboratory (BioMed 21, Dijon), using a standard turbidimetric assay.
IL-1β was assessed in 100 µL of plasma using an ELISA assay (eBioscience™ Human IL-1β ELISA Ready-SET-Go!™ Kit), according to the manufacturer's instructions, in a subsample of 39 subjects that covered the whole spectrum of ages . The detection threshold of this assay is 2 pg/mL. Four hundred microliters of whole blood were used for RNA extraction, using the Macherey Nagel Nucleospin RNA Blood kit, according to the manufacturer protocol. RNA purity and quality were checked using 260/280 nm ratio measured with nanodrop 1000 (Thermoscientific) and a 1 µg aliquot was reversed-transcribed to cDNA using the iScript (Biorad®) with a Biorad iCycler® (5 min at 26°C, 30 min at 42°C, 5 min at 85°C, then 4°C). Samples were stored at −80°C. mRNA expression was quantified by real-time PCR on a "Step One Plus" (Applied Biosystems, Life Technologies) using Power SYBR Green from the same purchaser. The targeted genes were NFkB, Il-1β, Nlrp3, Asc, Casp1. Preliminary analyses, based on a small number of samples, were conducted using GAPDH, L27, beta-actin, 36B4, 18S, and HPRT1 as references genes. Since 36B4 was the most stable, we used it for the analysis of all samples. Primer sequences are reported in Supplementary Table 1. qRT-PCR assays for each cDNA were performed in duplicates with the primers of the different genes studied. The parameters used for the PCR were 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. The relative expression ratio (target/reference) was determined based on the 2 -∆∆Ct method (12) .
Statistical Analyses
Supplementary Tables 2 and 3 report the demographic data of the sampled subjects, as well as the descriptive statistics of the different variables used.
For each dependent variable, we first checked whether it fitted a normal distribution. Deviation from a normal distribution was tested using a Shapiro-Wilk test. Right-skewed variables were logtransformed. This normalized the distribution of Nlrp3 (W = 0.99, p = .927), Casp1 (W = 0.96, p = .0418), and Asc (W = 0.98, p = .2815) expression. Il-1β and NFkB expression was still right skewed after log-transformation due to a few outliers. Removal of outliers (1 for Il-1β and 3 for NFkB) approached the distribution of these two variables to a normal one. We ran all the analyses using both the whole and the restricted dataset where these outliers had been removed.
Peri-abdominal circumference was tightly correlated with body mass index (BMI) (r = 0.924, p < .0001) and therefore we only used BMI in the statistical models.
The covariance among variables was assessed using Pearson correlation coefficients.
We tested whether the expression of Nlrp3, Casp1, Asc, Il-1β, NFkB genes differed between sexes, smokers and non-smokers, and individuals with CRP values below or above 3 mg/L using oneway ANOVAs. We ran multiple polynomial regression models, with backward selection, for each of the gene expression where the independent variables were BMI, age, and squared age. The inclusion of squared age allows modeling a non-linear relationship between gene expression and age. Finally, we ran ANCOVAs (for each gene expression) where sex (class), smoking habits (class), CRP values (class), BMI (continuous), age (continuous), and squared age (continuous) were all included as independent variables.
CRP was modeled as a variable with a binomial distribution (0 = normal values, 1 = higher than normal values). We considered CRP values to be higher than normal when they exceeded 3 mg/L (13) . The association between CRP and sex, age, and BMI was assessed using a log-linear model.
Results
We measured the transcriptional level of five genes involved in the inflammatory response and examined their possible covariation. The correlation matrix showed that some of the variables were strongly positively correlated (Supplementary Table 4 ). After Bonferroni correction for multiple tests, NFkB was positively correlated with Nlrp3, and Casp1 with Asc and Il-1β expression (Supplementary Table 4 ).
We checked whether there was any difference in the expression of the five genes between sexes, according to the smoking habits, and depending on the amount of CRP in plasma. None of the differences was significant (Supplementary Table 5 and Supplementary  Figure 1) .
We subsequently ran a multiple polynomial regression for each gene that included age, squared age, and BMI. Again, none of these three variables was a predictor of Asc, Casp1, NFkB, and Il-1β gene expression (Supplementary Table 6 and Supplementary  Figure 2 ). For Nlrp3, however, there was a highly significant effect of age and squared age (Table 1 ; Figure 1A ), that explained 20 and 23% of Nlrp3 expression variance, respectively. Visual inspection of Figure 1A shows that Nlrp3 gene expression strongly decreased in subjects older than 50 years. Running two independent regression models, splitting the data as under and above 50, showed that Nlrp3 expression was not correlated with age up to the age of 50 (slope ± SE = 0.018 ± 0.020, R 2 = 0.023, p = .3805) whereas it declined above the age of 50 (slope ± SE = −0.107 ± 0.030, R 2 = 0.393, p = .0018) ( Figure 1B ).
We finally ran ANCOVA models for each gene that included sex, smoking habits, CRP levels, BMI, age, and squared age. As for the previous models, none of the variables explained a statistically significant fraction of variance of Asc, Casp1, NFkB, and Il-1β gene expression (Supplementary Table 7 ). However, age and squared age were highly significant predictors of Nlrp3 gene expression (Table 2) .
We assessed IL-1β in the plasma of 39 subjects [19-81 years old; mean age (SD) = 34.8 (17.09)]. Only four samples were above the detection threshold of 2 pg/mL.
We used a log-linear model to explore the association between CRP and sex, age, and BMI. The model showed that sex, age, and BMI affected CRP values in an additive way (Table 3) . Females, young and subjects with high BMI had elevated CRP values ( Table 3 ).
Given that BMI and age are positively correlated in both males and females (males: Spearman correlation coefficient, r = 0.601, p = .0065, n = 19; females: Spearman correlation coefficient, r = 0.359, p = .0248, n = 39), to visualize the relationship between CRP, BMI, and age, we computed the residuals of a regression of BMI on age for each sex and used these residuals in a log-linear model with CRP as the dependent variable. This model showed that individuals with higher BMI than expected for a given age had elevated CRP values, and particularly so in females (sex, χ 
Discussion
We studied the expression of genes involved in NLRP3 inflammasome activation. Asc, Casp1, NFkB, and Il-1β were similarly expressed across our cross-sectional sample of healthy subjects aged from 19 to 81. At the opposite, age was a highly significant predictor of Nlrp3 expression. Nlrp3 expression was flat up to the age of 50 and then sharply declined.
Our results contrast with those recently reported in another study where a cross-sectional sample of 77 patients with vascular diseases was used to test the association between gene expression of inflammasome components and age. Wu et al. (10) reported positive correlations between Aim2, Nlrp3, Asc, Casp1, Casp5, Il-1β expression, and age. Beyond a number of statistical considerations that might explain the differences between the two studies, the most striking difference comes from the fact that we focused on healthy subjects. Focusing on patients admitted to hospitals for pathologies with inflammatory etiology skews the sample towards individuals that might be prone to inflammasome activation and accumulation of endogenous ligands that contribute to such activation (14) . Therefore, our study that focuses on healthy subjects and covers a 60-year period of age, offers a necessary complementary addition to previously published reports.
We assessed CRP and IL-1β levels in plasma, and found that only 10% of the subjects had IL-1β values higher than 2 pg/mL and 19% had CRP values higher than 3 mg/L. This corroborates the idea that subjects used in this study were healthy. In addition, among the subjects considered in the present study only three had a BMI above 30, further corroborating that we dealt with normo-weighed subjects.
We used chronological age to explore age-associated changes in inflammasome gene expression. However, several environmental factors, as smoking, fat, and sugar-rich diets or sedentary habits, can accelerate the onset of senescence and thus biological and chronological age might not be perfectly correlated (15) . Here, smoking habits and BMI were used as proxies of environmental factors possibly affecting biological age. However, we did not find any difference in gene expression, according to the smoking habits or the BMI.
Our data showing a decrease in Nlrp3 expression during healthy aging is in agreement with previously reported impaired capacity of elderly people to properly respond to PAMPs (6) , and recent work has shown that Nlrp3 expression is strongly suppressed in influenza-infected old mice (16). Similarly, macrophages of old mice have been shown to produce less IL-1β, although NLRP3 activation did not differ with age (17) .
Several previous studies on inflammasome activation focused on PBMC (18, 19) , while here we used all leukocytes. Although inflammasome is related to monocytes, neutrophils also express Nlrp3, and therefore using whole blood probably provides a more complete view of inflammasome regulation. Nevertheless, a possible caveat of using whole blood might arise if the proportions of the different WBC populations vary with age. However, while there is evidence showing that the functional properties of macrophages and neutrophils do change with age (with a decline in phagocytic capacity), their numbers are often reported to be stable across age (20) (21) (22) . A recent study provided consistent evidence showing that the proportion of neutrophils did not change between two age classes (between 21 and 50 years old and between 70 and 92 years old), whereas the proportion of monocytes increased from around 6-8% in the latest age class (23) . Such an increase in monocyte numbers at the latest age goes, however, in the opposite direction of the finding reported here (gradual decrease in the expression of Nlrp3 over the age of 50). Therefore, we are confident that the observed results are not the mere consequence of changes in WBC populations over ages.
We found that Nlrp3 expression decreased beyond the age of 50; although Nlrp3 and NFkB expressions were positively correlated, variation of Nlrp3 expression with age occurred independently of NFkB expression variation. Interestingly, expression of miRNAs, which target Nlrp3 mRNA (24), varies with aging (25) . Given that miRNA-223 is found in neutrophils (26) and is more expressed in the elderly (27) , it could be a possible mechanism underpinning the down-regulation of Nlrp3 expression at the oldest ages. In addition, the transcription factor aryl hydrocarbon receptor (AHR), expressed in blood cells of healthy human subjects, is a repressor of Nlrp3 gene transcription (28) and is positively correlated with vascular stiffness (a proxy of vascular aging) (29) . The decrease of Nlrp3 expression in elderly might contribute to the anti-inflammaging response, in order to limit the effect of pro-inflammatory mediators.
Although markers of chronic inflammation, such as IL-6 and TNF-α have been reported to be up-regulated during the aging process and to be associated with various diseases (4), a comparison of a large number of inflammatory mediators between healthy aged (≥ 65 years old) and young (<45 years old) subjects provided no evidence for increased serum levels of IFN-γ, IL-17, IL-1β, IL-6, or TNF-α in elderly (30) . In agreement with this finding, our results indicate that healthy aging might be achieved under reduced inflammasome activation. Larger cohorts with longitudinal monitoring are nevertheless necessary before drawing definitive conclusion on the association between inflammasome activation and healthy aging.
Supplementary Material
Supplementary data are available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online.
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